A foil-length 2.4-kb cDNA for the FADlinked glycerol-3-phosphate dehydrogenase (EC 1.1.99.5) was cloned from rat liver using PCR techniques. The cloned gene encodes a protein of 727 amino acids. The calculated molecular mass of 80,896 Da Is higher than the apparent molecular mass observed by SDS/PAGE (74,000 Da) of the purified enzyme. This result indicates that the enzyme is synthesized as a precursor with a putative mitochondrial signal sequence. mRNA for this gene was detece in liver, heart, muscle, brain, testes, and pancreas. With the exception of testes, basal expression levels were very low in all tissues examined. However, application of thyroid hormones led to a 10-to 15-fold increase in liver glycerol-3-phosphate dehydrogenase mRNA, whereas hypothyroidism further decreased the mRNA level.
The FAD-linked mitochondrial glycerol-3-phosphate dehydrogenase (mGPDH; EC 1.1.99.5) is a nuclear-encoded mitochondrial protein. It is located at the outer surface of the inner mitochondrial membrane (1) and catalyzes the conversion ofglycerol 3-phosphate to dihydroxyacetone phosphate, thereby forming FADH2 from FAD. This reaction is regarded as the rate-limiting step of the glycerophosphate shuttle (2) . In this substrate shuttle, mGPDH works in conjunction with a NAD+-linked cytosolic glycerol-3-phosphate dehydrogenase (cGPDH; EC 1.1.1.8) to transfer cytosolic reducing equivalents, generated mainly during glycolysis, to the mitochondrial electron-transport chain. The enzyme is found in mammals (3) (4) (5) , yeast (6) , fungi (7) , and bacteria (8) .
Purified mGPDH from rat liver contains 1 mol of nonheme iron and 1 mol ofnoncovalently bound FAD per mol; it shows a molecular mass of -74,000 Da in SDS/PAGE (9) and is activated by Ca2+ (10) . Whether the enzyme contains a cleavable presequence as a mitochondrial targeting signal or not is a matter of discussion (11, 12) .
High levels of enzyme activity have been measured in insect flight muscle (13) , in rat spermatozoa (14) , and after thyroid hormone application in several rat tissues (15) . The most dramatic thyroid hormone effect occurs in liver, where hyperthyroidism leads to a 20-fold increase in activity. In contrast, hypothyroidism results in a decrease to barely detectable levels of enzyme activity (15) . Moreover, recent data (16) indicate an important role of mGPDH in glucosesensing of the pancreatic beta cell, and the decrease of pancreatic mGPDH activity in animal models of type II diabetes (17) points to an involvement of this enzyme.
In this paper we report the nucleotide and deduced amino acid sequence of mGPDH, its expression in several rat tissues, and present our initial results on its regulation by thyroid hormones at the mRNA level.* (18) and mGPDH (19) activity were determined as described.
MATERIALS AND METHODS
Protein Purification. mGPDH was purified from rat liver according to Beleznai and Jancsik (20) . The final purification step was SDS/10% PAGE.
In Ligation-anchored PCR was done as described (25) . One microgram of poly(A)+ RNA was reverse-transcribed (Superscript; GIBCO/BRL) with the gene-specific primer GP4c, 5'-CAATCTTTGCCTCCTTGAAGG. A 5' phosphorylated Proc. Nat. Acad. Sci. USA 91 (1994) and 3' ddATP-blocked oligonucleotide anchor (5'-GATC-CAGGTCACTTCAGGTCA) was ligated to the first-strand cDNA using T4 RNA ligase (Boehringer Mannheim). PCR conditions were as described above. The first round of PCR was done with the complementary anchor primer (5'-TGACCTGAAGTGACCTGGATC) and GP4c. The second round was done with the complementary anchor primer and the internal (nested) gene-specific primer GP5c (5'-CTTGTCCTTCTGGAGCATGG).
Cloning and Sequencing. PCR products were recovered from low-melting-temperature agarose with Magic PCR Preps purification system (Promega) and cloned into pT7 Blue T-vector using the pT7 Blue T-vector kit (Novagen). Double-stranded sequencing was done by using the Sequenase 2.0 kit (United States Biochemical) with either universal sequencing primers or internal primers. For each fiagment three clones from independent PCR reactions were sequenced in both directions.
Quantitative RT-PCR. The procedure described by Kandel et al. (26) Biochemistry: Muller and Seitz 20-jd reaction volume. PCR analysis was performed by using primers for the internal standard (cGPDH) and for mGPDH. Primers for cGPDH were derived from the published mouse cDNA sequence (27) . The ) 10583 cDNA Isolation. The most suitable peptide sequences for design of PCR primers were trypsin peptide 1 and 2. Two primers were derived from each peptide to reduce degeneracy and to create a stretch of five unambiguous bases at the 3' end of each primer (see Materials and Methods). In a nested 3RACE PCR protocol one of these primers served as forward primer, and the oligo(dT) adaptor primer served as reverse primer. Nested 3'RACE PCR requires that the forward primer used in the second round of PCR is closer to the 3' end of the amplified sequence (internal) than the firstround forward primer. As the position of the peptides, and in consequence of the primers, was not known, all primer combinations had to be tested. By using primer GP1b in the first round and primer GP2a in the second round of PCR, an -600-bp PCR product was amplified (Fig. 1) . Cloning and sequencing revealed this fragment to be part of the mGPDH cDNA because the deduced amino acid sequence contained V-8 peptides 2, 3, and 4 ( Fig. 1 ). An additional =1300 bp of the cDNA were gained by PCR amplification using primer GP1b as forward and a reverse primer (GP3c) derived from the 5' region of the 600-bp fragment (Fig. 1) -94) is assigned as the start codon because it matches the essential features for translation initiation described by Kozak (29) . A putative polyadenylylation signal is located at position 2284-2289, 107 nt upstream of the poly(A) tail. This result is atypical because usually the polyadenylylation signal is found in the region from 10 to 30 nt upstream of polyadenylylation. All peptide sequences could be identified in the deduced amino acid sequence.
From the deduced amino acid sequence one cannot infer the presence ofa cleavable mitochondrial targeting sequence, as there is no N-terminal sequence available of the mature protein. However to mitochondrial targeting sequences (30)-i.e., enrichment of basic and hydroxylated amino acids and lack of acidic residues ( Fig. 1) . Furthermore, the presence of a signal sequence would explain the difference of -6 kDa between calculated and determined molecular mass. Using an in vitro translation approach Garrib and McMurray (11) detected a presumptive mGPDH precursor of w79 kDa. This molecular mass is very close to the calculated mass and supports the assumption of a 5-to 6-kDa leader sequence. In contradiction to that, others (12) could not show a mGPDH precursor by in vitro translation experiments. Therefore, the significance of the N-terminal sequence for targeting the protein to mitochondria has to be examined finally by functional studies. As already observed for other sets of cytosolic and mitochondrial isoenzymes (31), the deduced protein sequence shares no homology with the cytosolic NADW-linked GPDH from mouse (27) . The alignment with FAD-linked GPDH from yeast (32) and Bacillus subtilis (33) shows an identity of 34 and 23%, respectively (Fig. 2) . A highly conserved domain spans amino acids 71-122 (rat), where the three sequences are 63% identical. The putative FAD-binding site (32, 33) is located within this region (Fig. 2) .
Tissue Distribution. In a Northern blot of RNA from different rat tissues a 2.4-kb RNA transcript could be detected in testes only (Fig. 3) . In all other tissues examined the expression level was below the sensitivity of a conventional Northern blot. The relatively high expression level in testes correlates very well with the reported high enzyme activity in rat spermatozoa (14) , which is consistent with the high rate of glycolysis and respiration in rat spermatozoa (34) . By use of the RT-PCR technique with primers derived from the liver sequence, mRNA for mGPDH could be identified in liver, heart, kidney, muscle, brain, and pancreas (data not shown).
Regultion of mGPDH by Thyroid Hormones in Rat Liver. Because the enzyme activity ofmGPDH has been reported to be dramatically increased by thyroid hormones (15) 2) , and hyperthyroid (lanes 3) liver was used. Five microliters was removed from the PCR reaction at the times indicated and resolved on a 4% nondenaturing polyacrylamide gel. Dried gels were exposed to x-ray film for 1 hr. The upper band shows the 577-bp cGPDH fiagment; the lower one shows the 346-bp mGPDH. Note that primers for cGPDH were added four cycles after the PCR was started. In the experiment shown here, hyperthyroid animals were T3-treated for 5 days.
cation were up to 15-fold. Euthyroid animals exhibited only slightly higher (1.6-fold) mRNA levels than hypothyroid animals. Enzyme activity, measured in parallel, correlated very well with mRNA data (data not shown). This result strongly suggests that T3 regulates mGPDH activity predominantly at the mRNA level and contrasts with a report (12) claiming that the availability of the FAD cofactor controls mGPDH activity under thyroid hormone influence. Further, the data from quantitative PCR indicates that in euthyroid liver expression of mGPDH is severalfold lower than expression of cGPDH.
The effect of thyroid hormones on mitochondrial oxygen consumption is a well-known phenomenon. However, little is known about the underlying mechanism(s). The thyroid hormone-mediated effect seems to be due to the coordinate transcriptional activation ofproteins involved in, or linked to, the mitochondrial respiratory chain, such as cytochrome c (36) , several cytochrome-c oxidase subunits (37) , and the adenine nucleotide translocator (38) . Our results show that mGPDH, which connects glycolysis with the mitochondrial respiratory chain, is also regulated at the mRNA level in rat liver. The up-regulation is paralleled by increased enzyme activity and may therefore contribute to the thyroid hormonemediated increase in hepatic metabolic activity.
Note Added in Proof. Subsequent to the review of this manuscript, Brown et al. (39) reported the cloning of a cDNA for mGPDH from a rat testes library. Interestingly this sequence contains a different 5' untranslated region, whereas in the coding region it differs in 1 nt only (1482 C/A).
